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ABSTRACT 
 
Mechanically-based fracture modelling of a limestone plate with finite size (mostly 1 meter by 1 meter) is 
performed using the 2D FEMDEM code which combines both the features of the finite element method 
and the discrete element method. The code used has a “combined single and smeared crack model” 
implemented. Cracks initiation and propagation under a Mode І (uniaxial tension) condition is realized by 
applying constant strain rate of 0.002/s to boundaries which are normal to the loading condition. The 
emphasis of this study is on interaction between multiple (typically two) cracks in terms of its effect on 
stress field and crack propagation path. Initial flaws or pre-existing cracks are positioned in the plate and 
the crack evolution under tension is examined with numerical simulation. Results suggest that under 
uniaxial tension conditions the presence of a crack will cause stress reduction, or stress increase on a 
second nearby crack depending on the location and orientation of the two. The magnitude of these effects 
changes with the distance (either horizontal or vertical) between cracks and with the elastic property of 
the material i.e. Young’s Modulus. But the relationship between them is not always linear. For two off-
set cracks normal to the extension direction and growing simultaneously towards each other, echelon 
cracks will be created after a certain amount of crack tip overlap. For the case of one crack propagating 
towards an inactive pre-existing crack at right angle to it, the growing crack causes crack initiation at the 
tip or tips of the inactive crack and the coalescence of the two cracks creates a T-shaped connection. 
Results suggest that it is tension concentrated at the tip or tips of the still crack that causes subsequent 
crack initiation. No cross-shaped connection between them is obtained even when much larger strain 
rates are used. For one vertical crack (normal to the direction of tension) and one oblique crack, which is 
45 degrees from the vertical one, the length of the oblique crack affects the location of peak stress 
concentration thus by changing it only one of the two cracks or both may grow and three possible 
patterns could be generated: no connection, a T-shaped connection or echelon cracks.      
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Abstract 
Mechanically-based fracture modelling of a limestone plate with finite size (mostly 1 meter by 1 meter) is performed using the 
2D FEMDEM code which combines both the features of the finite element method and the discrete element method. The code 
used has a “combined single and smeared crack model” implemented. Cracks initiation and propagation under a Mode І 
(uniaxial tension) condition is realized by applying constant strain rate of 0.002/s to boundaries which are normal to the 
loading condition. The emphasis of this study is on interaction between multiple (typically two) cracks in terms of its effect on 
stress field and crack propagation path. Initial flaws or pre-existing cracks are positioned in the plate and the crack evolution 
under tension is examined with numerical simulation. Results suggest that under uniaxial tension conditions the presence of a 
crack will cause stress reduction, or stress increase on a second nearby crack depending on the location and orientation of the 
two. The magnitude of these effects changes with the distance (either horizontal or vertical) between cracks and with the 
elastic property of the material i.e. Young’s Modulus. But the relationship between them is not always linear. For two off-set 
cracks normal to the extension direction and growing simultaneously towards each other, echelon cracks will be created after a 
certain amount of crack tip overlap. For the case of one crack propagating towards an inactive pre-existing crack at right angle 
to it, the growing crack causes crack initiation at the tip or tips of the inactive crack and the coalescence of the two cracks 
creates a T-shaped connection. Results suggest that it is tension concentrated at the tip or tips of the still crack that causes 
subsequent crack initiation. No cross-shaped connection between them is obtained even when much larger strain rates are 
used. For one vertical crack (normal to the direction of tension) and one oblique crack, which is 45 degrees from the vertical 
one, the length of the oblique crack affects the location of peak stress concentration thus by changing it only one of the two 
cracks or both may grow and three possible patterns could be generated: no connection, a T-shaped connection or echelon 
cracks.      
 
Introduction  
Fractures with varying scales are very common in geomaterials. A good understanding of the geometry of fracture networks, 
both naturally and artificially (Olson and Dahi-Taleghani, 2009), is helpful to understand such problems like the evolution of 
geological structures and hydrocarbon flow behavior in naturally fractured reservoirs, etc (Tuckwell et al., 2002).  
 
However, it is very difficult to make a detailed description of the natural fracture networks, which are common in fractured 
reservoirs on an engineering scale (Xu and Dowd, 2009). The main reason is due to the limited-access nature of the fractures 
i.e. a reservoir is usually thousands of feet below the ground or seabed and covering a huge area. 
 
One of the commonly used methods in fracture modelling is the discrete fracture network (DFN) modelling technique. This 
stochastically based method was firstly introduced by Robinson (1982) and has been used and improved by many authors 
(Dershowitz et al., 1992, 1998; Tran et al., 2006; Tran, 2007). Although the DFN modelling technique is very popular and is 
fast in generating fracture networks, it still has disadvantages. For instance, the data collected from various sources, which will 
be used for statistical analysis, has limited representation of the actual fracture network because only two-dimensional data 
could be collected from direct measurements on outcrops, the vertical extent of the fractures in the third dimension can hardly 
be measured (Olson, 1997). Moreover, the borehole data can only give information on a local basis and the chance is low for a 
vertical well to intersect vertical fractures (Olson et al., 2002). The problem of 1D sampling of a 3D fracture network is well-
known but difficult to overcome unless further assumptions are justified. Various assumptions have been made in DFN 
modelling, for instance, outcrops of fracture networks are assumed to be analogues to subsurface fractures; fracture attributes 
measured from one location are assumed to be representative to the whole reservoir (Paluszny, 2008). Apart from the data 
collecting problem, as discussed above, another main disadvantage of DFN modelling is that the generated fracture networks, 
while having a fracture density that can match a real network; they are not realistic in terms of patterns compared to natural 
fracture networks (see Fig. 1). In a DFN realization there is no curving of fractures and in all but the very recent DFN models, 
the coalescence of fractures results in a cross shaped connection. That is because in DFN modelling, discrete fractures with 
Imperial College 
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different properties are grown to a domain according to the probability distribution functions regardless of the fracture 
evolution process (e.g. loading direction changes) and interaction between adjacent fractures, which are believed to have 
significant influence on fracture patterns (Olson and Dahi-Taleghani, 2009). Note that recent developments have begun to 
introduce abutments for fractures at edges of rock domains.  
 
 
A 
 
B 
Figure 1 Picture A is a typical 2D DFN realization (Wang, Forster and Deo, 2008). Picture B is the outcrop of a 
fracture network in limestone on the southern coast of the Bristol Channel, England (Olson, 2008) 
 
Another fracture modelling technique that coexists with DFN modelling is mechanically-based fracture modelling, which 
relies on fracture initiation and propagation laws (Griffith, 1921; Erdogan and Sih, 1963; Atkinson, 1984; Munjiza et al., 1999) 
and produces fracture networks under specified loading conditions. The main advantage of this method over DFN modelling is 
that, as Olson (1997) stated, “Mechanical model intrinsically includes the relationships between fracture processes and 
boundary conditions”. In other words, under certain boundary conditions, the fracturing process is unique and the generated 
fracture properties e.g. length, aperture etc, are intrinsically inter-correlated, as opposed to early DFN modelling in which all 
the fracture properties are independent (Baghbanan and Jing, 2006).  
 
The objective of this paper is to examine the fundamentals of fracture initiation and thereby study the extent to which we 
can create more realistic two-dimensional fractures (compared with DFN) using mechanically based method. How the stress 
field around one crack tip could be affected by the presence of another crack nearby and how a pre-existing crack could affect 
the propagation path of another crack in of particular interest to the author. Different pre-existing crack configurations have 
been designed and modelled in this paper.  
 
A short literature review of the many studies in this field is summarized below. Olson and Pollard (1989) investigated the 
propagation of echelon cracks under different remote stresses and crack spacings using a “displacement discontinuity 
boundary element” code in 2D. Lam and Phua (1991) proposed a singular integral method to investigate multiple crack elastic 
interactions and evaluated its effect on stress intensity factor; they found the stress enhancement and shielding zone near a 
crack. Olson (1997) demonstrated the sensitivity of fracture propagation to bed thicknesses, flaw orientations and densities and 
material properties using a subcritical crack propagation law (Atkinson, 1984). Tuckwell et al. (2002) used boundary element 
models to evaluate the effects of stress history and flaw distribution on the evolution of polygonal fracture networks and the 
results suggested that they are the most significant parameters affecting fracture network geometry. Olson and Dahi-Taleghani 
(2009) simulated simultaneous propagation of multiple hydraulic fractures in natural fractured reservoirs in both horizontal 
and vertical wells; they found that the final fracture pattern is strongly controlled by the geometry of natural fractures.  
 
Most previous research, as summarized above, have concentrated on a global approach, for instance the authors tired to 
investigate how loading conditions, flaw densities and orientations etc. could affect the overall fracture network geometry. 
Little attention has been given to the small scale interaction between fractures, so this is the motivation of this research. If a 
modelling technique such as the one presented here is able to simulate micro-mechanical interactions e.g. a two-crack system 
studied here, that match up to theory and observation, greater confidence can be gained in the ability to model larger and more 
representative networks with such method.  
 
Numerical Method 
The tool used in this research is the 2D FEMDEM code (Xiang et al., 2007), which is based on the combined FEMDEM 
method (Munjiza et al., 1995). This method combines the features of both the finite element method (FEM) and the discrete 
element method (DEM), thus it allows the discrete elements (governed by DEM formulations) to be discretised into 
considerably smaller deformable finite elements (governed by FEM formulations) (VGeST, 2010). A 3D version of FEMDEM 
code has been developed by Xiang, Munjiza and Latham (2009) and has been applied to a wide range of geosciences and 
engineering problems (Munjiza et al, 2010). More details about this method can be found in the textbook entitled “The 
Combined Finite-Discrete Element Method” by Munjiza (2004). A “combined single and smeared crack model” is 
implemented into the 2D FEMDEM code to simulate crack initiation and propagation under Mode І (uniaxial tension) 
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condition (Munjiza et al., 1999). This model is based on an accurate description of the stress-strain curve of a material. Thus it 
is applicable to model both the linear elastic behaviour and nonlinear elastic behaviour (represented by the plastic zone ahead 
of a crack tip) where the material deforms plastically. In this model, the strain hardening and softening parts of the stress-strain 
curve for an elastic material are treated separately with the hardening part implemented in the finite element method and 
softening part modelled by a discrete crack model.  
 
   Munjiza and John (2002) have investigated mesh size sensitivity of the combined single and smeared crack model in the 
context of the combined FEMDEM method and suggested that in order to get an accurate fracture pattern the mesh size should 
be much smaller than (approximately 1/10) the size of the plastic zone ahead of a crack tip, otherwise the fracture pattern may 
be affected by mesh geometry (Fig. 2 B and D). However, this in turn will need considerable computing power and memory 
for models having dimensions in meters, thus a compromise must be made between running time and results accuracy. As a 
result, relatively coarser meshes ranging from 0.005m to 0.01m were employed in this research depending on different crack 
configurations. Testing results have proved that these relatively coarse mesh sizes can produce acceptable results (Fig. 3). 
Moreover, irregular mesh geometries like Fig. 2 E are used more in this study as they offer more possible crack propagation 
directions than the regular ones shown in Fig. 2 D. An evenly distributed but irregular mesh could generate more accurate 
result (Fig. 2 C) despite the coarse mesh. It must be noticed that due to limited computing resources and mesh size sensitivity, 
accurate prediction of fracture geometry and accurate description of the stress field are beyond the scope of this paper. 
 
 
 
 
 
 
 
 
 
A 
 
 
 
B 
 
C  
 
 
D 
 
 
E 
Figure 2. A is the original plate with a single vertical crack in the middle. The crack is 
represented by two opposite lines with no cohesive strength. The plate is under tension in the X 
direction. B and C are the fracture patterns from two different meshes D and E respectively. 
Mesh E is coarser and more unstructured than D.  
 
 
 
 
Figure 3 The right figure shows the tensile stress at the crack tip (indicated by red dot in left picture) changing with time when the 
plate was under X direction tension for different mesh sizes. The results improved significantly from the coarse mesh sizes (0.013m 
and 0.015m) to the fine mesh sizes (0.005, 0.007m, 0.008m and 0.01m). However, for the four fine mesh sizes, the results did not 
change significantly indicating that a mesh size within this range can produce an acceptable result. 
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Simulation Design 
As discussed earlier, the emphasis of this research is on interaction between multiple (mainly two) cracks, thus most of the 
simulations are designed to see how one crack could affect another crack nearby for different crack configurations under 
uniaxial tension condition. Two series of simulations are designed with different aims.  
 
   In Series 1 (Fig. 4) the aim is to see how the stress field around one crack tip could be affected by another nearby crack due 
to elastic interaction between them. There are three groups of models in this series and for Group A the variable is horizontal 
spacing between the two parallel cracks and for Group B and C is the vertical distance between upper and lower cracks. This 
series is a reproduction and extension of the work by Lam and Phua (1991) in which a different method was proposed to 
evaluate the effect of multiple crack interaction on stress intensity factor. 
 
Group A Group B Group C 
Figure 4. Three groups of models in simulation Series 1. In Group A, the cracks are parallel and 
symmetrical. In Group B, the cracks are orthogonal. In Group C, the cracks are in one plane. 
The cracks are all 10cm long. The arrows indicate the crack tips, where the X direction stress is 
sampled.   
 
In Series 2 (Fig. 5) the aim is to see the effect of a pre-existing crack on the tensile propagation path of a new crack i.e. what 
the propagation path will be when one growing crack hits (or approaches) one pre-existing crack. Three basic situations are 
considered here: 1, one crack propagating normal to another crack which will not grow during the process (Group A, 
experiments using similar crack configuration but under unaxial compression condition have been done by Lee and Jeon, 
2010); 2, two parallel cracks propagating towards each other (Group B); 3, one vertical crack and one oblique crack, which is 
45 degree from the vertical one and with various lengths (Group C). 
 
 
Group A 
 
Group B 
 
Group C 
Figure 5 Three basic situations modelled in Series 2. The vertical cracks are 10cm long and the horizontal crack is 20cm long. The 
length of the oblique crack in Group C varies to see different effects. 
 
All the plates used are 1 meter long and 1 meter wide, except in Series 2 Group B the plates are all 2 meters long and 0.4 
meters wide. All the plates are subject to an extension in the X direction with a constant strain rate of 0.002/s, unless otherwise 
noted. Plain strain condition is assumed. The material used in this research is limestone with all the parameters as shown in 
Table 1. The simulation setting data for mesh size, time step etc are given in Appendix C.  
 
Table 1 Material properties 
Density  1920 kg/m
3
   
Young’s Modulus 2E+10 Pa 
Poisson’s ratio 0.25 
Energy release rate 40 J/m
2
 
Tensile strength  5E+6 Pa 
Friction coefficient 0.5 
1m 10cm 15cm 
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Results and Discussion  
Series 1  
All the results in this series are presented in terms of X direction tensile stresses (in Pa) at one concerned crack tip (Fig. 4 the 
red dots). Results obtained from different configurations are compared to check multiple crack interactions. Due to mesh size 
constraints, which were discussed earlier, a stress state at only one specific time may not be representative; as a result the 
tensile stress at the crack tip in question is recorded for the first 20 time steps of the entire process in each simulation. No 
fracture initiation occurs in any group during this time period, thus the material in call cases exhibits linear elastic properties 
only.   
 
   In Group A, four different spacings (5, 10, 20, 40cm) are modelled and the results are shown in Fig. 6. As expected, in all 
cases the stress increases with time due to the increase of total strain of the plates. This reflects the elastic behaviour of the 
material. However, for different spacings the stress increasing rates are different with the smaller spacing having a lower rate 
and the bigger spacing having a faster rate. Thus, as time step increases the stress difference between the cases becomes 
bigger. More importantly, the results show that stresses in all four cases are smaller than that in the case where there is only 
one crack in the middle of the plate (represented by the line denoted by “single crack”) and as the spacing increases the results 
move up towards the single crack line. Thus it can be concluded that the two parallel cracks generate a depression effect on 
each other when they are subject to remote tension and this effect weakens as the spacing increases. In other words, the two 
parallel cracks become more independent and behave more like two “single crack” when they are further away from each 
other.  
 
 
Figure 6 Results of Series 1 Group A 
 
   In Group B, five different vertical distances (5, 10, 15, 20 and 25cm) between the two orthogonal cracks are modelled. The 
tensile stresses at the monitored crack tip for the first 20 time steps are shown in Fig. 7. Similar to Group A, the results here 
also show a depression effect as the stresses obtained from the two orthogonal crack models are all smaller than that from the 
single crack model. However the depression effect does not weaken linearly with the increase of vertical distance. As far as the 
available results are concerned, 5cm and 25cm distances have the greatest depression effect whereas 15cm distance has the 
weakest effect and 10cm and 20cm have an intermediate effect. The results indicate that in the zone, which is from 5cm to 
25cm above the concerned crack tip, the depression effect of a horizontal crack on the lower crack will first weaken from 5cm 
to 15cm and then strengthen from 15cm to 25cm. This zone is very likely to be symmetrical about a horizontal line 15cm 
above the crack tip because as shown in Fig. 7 a distance of 5cm has the same effect as 25cm and a distance of 10cm has the 
same effect as 20cm.  
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Figure 7 Results of Series 1 Group B 
 
   The results of Group C are shown in Fig. 8 below. Five vertical distances between the upper and lower cracks are modelled 
and the results show that within a zone which is from the monitored crack tip to approximately 10cm above the presence of a 
second crack will have an enhancement effect on the lower crack tip. These results agree with the results obtained by Lam and 
co-works (1991) who analysed this enhancement effect in terms of an increase of stress intensity factor. Fig. 8 also suggests 
that this enhancement effect weakens as the vertical distance increases, becoming negligible at a distance of approximately 
10cm. Further investigation is made to see how this enhancement effect changes with Young’s Modulus, E (See Appendix E).   
 
 
Figure 8 Results of Series 1 Group C 
 
Discussion 
The results presented above illustrate elastic interaction between adjacent cracks and suggest this interaction could produce 
either depression effect or enhancement effect on one crack depending on the position of the cracks. Because of these effects, 
fracture initiation will be greatly affected by cracks configurations. For instance, as shown in Group A, the initiation of any of 
the two parallel cracks, which are close to each other, will be inhibited due to the depression effect thus a larger remote tensile 
stress is needed. On the other hand, in Group C, the initiation of the lower crack will be promoted if the upper crack lies no 
more than 10cm above due to enhancement effect; consequently a smaller remote tensile stress may be enough to initiate 
fracture growth. Thus the configuration of the microcracks existing in one material will affect the strength of the material and 
this could be one of the reasons why the same material (e.g. sandstone) sampled from different places but having different 
invisible flaws will tend to give a larger scatter of strength results (Bai and Pollard, 2000). Moreover, the cracks that are under 
the stress enhancement effect are encouraged to grow and once they are more developed than others they will dominate the 
final fracture pattern (Tuckwell et al., 2002. See Appendix F).However, plate size effect, which may affect the results, was not 
considered here due to limited computing power. 
Series 2 
In Group A, the location of the horizontal crack is changed to generate three different configurations and the results are shown 
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in Fig. 9. The results indicate that after meeting the horizontal crack, the propagation of the vertical crack continued at the tip 
(or tips) of the horizontal crack and the propagation path remained to be vertical except in the 1
st
 case where the fracture path 
deviated slightly from the vertical direction, an effect which may be due to mesh geometry dependence. Also it is believed that 
it was excessive tension at the horizontal crack tip that initiated the subsequent crack propagation. Fig. 10 A shows the stress 
field and velocity vectors of the plate at an instant before subsequent crack propagation occurred. It shows that there was a 
significant velocity difference between the elements above and below the horizontal crack (the black dash line); the elements 
below had much larger velocities than the elements above the horizontal crack. This velocity difference resulted in a net 
pulling effect at the tips of the horizontal crack, for instance, in the area below and to the left of the left tip, the elements with 
higher velocities were pulled left relative to the elements with smaller velocities. This pulling effect ultimately debonded the 
connection between the elements and initiated crack propagation at the tip (Fig. 10 B).  
Although the results show that the subsequent propagation may occur at only one tip (the 2
nd
 case) or two tips (the 3
rd
 case), 
it always starts first at the tip that is closer to the vertical crack because of a higher stress concentration (Fig. 11 A). For a 
symmetrical configuration (the 1
st
 case) the stress fields around the two crack tips should be the same theoretically. However, 
due to the coarse mesh that is employed in this research, the stress field was not accurately described resulting in more stress 
concentration at one tip than the other (Fig. 11 B). As a result, fracture initiated at only one crack tip. In Case 3, which is 
mirror symmetry of Case 2, two branches of fracture developed rather than one. This again might be due to mesh geometry 
dependence as two different mesh geometries were used in Case 2 and Case 3, so the stress field might be affected. 
 
   
 
1 
 
2 
 
3 
Figure. 9 In all three cases the vertical crack is right in the middle of the plate (in terms of Y 
direction) and the vertical distance between the two cracks remains 10cm. But the position of 
the horizontal crack changed as shown above. 
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A. Sharp velocity differences between the elements above and below the horizontal crack(black dash line)  
 
B. Velocity vectors of the elements near left crack tip (black dot) at the time step subsequent crack 
propagation occurs 
Figure 10 Stress field and velocity vector of the plate of Case 2. 
 
 
A 
 
B 
Figure 11 The stress field around the tips (the black dots) of the horizontal crack in the 1st case (B) and the 
3rd case (A) at the time step before subsequent propagation. The black dash lines stand for the fracture 
pattern. 
 
   In Group B different spacings between the two parallel cracks are modelled with the results shown in Fig. 12. There is no 
significant difference between the results in terms of fracture pattern; the approaching fractures changed their propagation path 
suddenly to create echelon cracks after a certain amount of overlap (defined in Fig. 13) in all cases. Although in one previous 
research by Olson and Pollard (1989) the propagation path changed immediately after the vertical distance between the two 
approaching fracture fronts became zero and the crack curvature was smooth, the results presented here do not have these 
features. One possible reason may be that the tool used here is less sensitive to small stress perturbations thus the fracture path 
did not change until a large change of local stress field occurred. Another finding is that the amount of overlap does not change 
with spacing (i.e. offset) but it is sensitive to material properties i.e. Young’s Modulus and Poisson’s ratio (Fig. 14). It 
increases with Young’s Modulus but decreases with Poisson’s ratio. Detailed stress field changing with time of the 10cm case 
is shown in Appendix G. 
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8cm 
 
10cm 
 
12cm 
 
14m 
 
Figure 12 Fracture patterns for four different spacings and real echelon cracks in Colorado, USA. This is a courtesy of Hsin-Kuei 
Wang. 
 
 
 
 
Figure 13 An enlarged picture 
of the echelon crack. The 
distance between the two red 
dash lines is defined as the 
amount of overlap here. Olson 
and Pollard (1989) used the 
distance between the two green 
dash lines. 
 
Figure 14 The amount of overlap changing with Young’s Modulus and 
Poisson’s ratio showing highly non-linear effects 
 
 
   In Group C, three possible results are found (Fig. 15) when one vertical crack propagates towards another crack, which is 45 
degrees from the vertical one. Case A represents one possibility when the oblique crack is so short (Fig. 15 A’) that the 
stresses concentrated at the tips were too small to initiate crack growth before the vertical crack joins it. In this case, crack 
initiation first occurred at both tips of the vertical crack and propagation continued at the upper tip of the oblique crack after 
the vertical crack joins it. Case B is another possibility when the oblique crack is very long causing significant stress 
concentration at the tips, thus crack initiation occurred first at the tips of the oblique crack. In this case the growth of the 
oblique crack inhibited the vertical crack from growing. Fig. 15 B’ shows that when the oblique crack was growing, the stress 
field around the small vertical crack was completely changed with no stress concentration near tips. Thus the two cracks did 
not connect. In Case C the oblique crack has an intermediate length so both of the two cracks had started to propagate before 
connection (Fig. 15 C’). Echelon cracks were created when two cracks were approaching each other. These results indicate 
that depending on the lengths of the oblique crack, which will affect the location of maximum tensile stress concentration, 
different fracture patterns may be generated. 
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A 
 
B 
 
C 
 
A’ 
 
B’ 
 
C’ 
Figure 15 Three possible results of Series 2 Group C and stress fields 
 
Discussion 
In this series, three possible effects of a pre-existing crack on the tensile propagation path of a new crack were investigated. 
Two conclusions can be drawn from the results: 1, when the two cracks are approaching each other, echelon cracks can be 
created resulting in curved propagation path and the amount of overlap does not change with spacing but with material 
properties; 2, when only one crack is growing and hitting a passive crack, tensile propagation will continue at the tip (or tips) 
of the passive crack and propagation direction does not change. Another notable finding is that under uniaxial tension the 
coalescence of the growing crack and the passive crack generates a T-shaped connection only i.e. the growing crack does not 
continue its propagation path by penetrating the passive crack which would result in a cross shaped connection. This was also 
the case when a much large strain rate was used (See Appendix H). Fig. 16 shows T-shaped connections in natural fracture and 
hydraulic fracture modelling. This could be explained by Fig. 11 which shows that after connection of the two cracks happens, 
peak stress concentration does not occur at the location of connection, instead it occurs at the tips. The friction between the 
elements below and above the horizontal crack is not big enough to initiate crack at the location of connection. Although a 
cross shaped connection between cracks is common in real fracture networks it may be due to complex (e.g. superimposed 
episodes of) loading conditions that the rock has undergone (Tran, 2007). Also it must be noticed that the loading condition 
used here is a constant strain rate, thus the actual tensile stress applied increases with time which means that stress 
requirements needed to generate the above results are always fulfilled.  
 
 
 
Figure 16 Left is a T-shaped connection in real rock in Colorado, USA. This is a courtesy of Hsin-Kuei Wang. Right is a fracture 
network in hydraulic fracturing having several T-shaped connections, after Olson and Dahi-Taleghani (2009).  
 
Conclusion  
Elastic interaction between cracks manifests itself by a perturbation of stress field near the cracks. When multiple cracks exist 
40cm 
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in one stress field, elastic interaction between them will have significant effect on the loading condition that an individual 
crack is subject to. Depending on the location and orientation of the cracks either stress depression effect or stress 
enhancement effect will occur thus the remote stress, which is required to initiate crack propagation, and the position, where 
most stress concentration occurs,  are to be affected. These effects reflect the elastic property of the material (limestone) and 
they change with different Young’s Modulus. However, results indicate that the relationship between them is not linear.  
 
   Under uniaxial tension conditions, the effects of a pre-existing crack on the propagation path of a new crack are different for 
different crack configurations. For the case where the orientation of the pre-existing crack is normal to the propagation path of 
the new crack (i.e. parallel to the tension direction), subsequent propagation occurs at the tip or tips of the pre-existing crack 
depending on the relative position of the two cracks. The coalescence of the growing crack and the passive crack generates a 
T-shaped connection only, no cross shaped connection is observed. For the case where two cracks are growing simultaneously 
and approaching each other, echelon cracks are created after a certain amount of overlap which is insensitive to horizontal 
spacing of the two cracks but sensitive to Young’s Modulus and Poisson’s ratio of the material.  For the case where one crack 
is vertical (normal to the direction of tension) and the other one is 45 degree from the first one, the length of the oblique crack 
will affect the location of most stress concentration, thus different fracture patterns may be generated.  
 
   This study demonstrates the ability of the 2D FEMDEM code in fracture initiation and propagation modelling and greater 
confidence can be gained in the ability to model larger scale and more representative networks which could be used in 
reservoir fluid flow simulation in future work. However, improvements to the 2D fracture model for intact fracture are needed 
for the compressive stress regime. A Mohr - Coulomb criterion for shear failure could be implemented in the code. A shear 
strength criterion for shear cracks with cohesive and frictional shear strength (Mohr - Coulomb) could then be combined with 
the tension cut-off criterion for tensile failure that is currently used. With tension and shear fracture mechanisms both 
modelled, it may be possible to examine different initial bulk strain fields including biaxial compression. Moreover, mesh 
geometry dependence and the effect of friction coefficient of material require further investigation.  
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Appendix A Critical Literature Review Table 
 
Table A-1 Critical literature review table 
Source Year Title Authors Contribution 
Water Resource 
Research, VOL. 
18, No. 3, Pages 
645-658 
1982 Porous Media Equivalents for 
Networks of Discontinuous 
Fractures 
Long, J. C. S., 
Remer, J. S., 
Wilson, C. R., 
Witherspoon, P. A 
One of the early papers used discrete 
fracture network (DFN) modeling to 
investigate the permeability of 
fractured rock 
Key Questions in 
Rock Mechanics, 
Cundall et al (eds) 
1988 Inferring Stress State From 
Detailed Joint Geometry 
Olson, J., 
Pollard, D.D 
First used mechanically based 
displacement discontinuity boundary 
element computer code to infer the 
probable stress state responsible for 
joint patterns 
Journal of 
Structural 
Geology, Vol. 14. 
No. 8/9, pp. 925 to 
937 
1992 Joint Spacing: Analogue and 
Numerical Simulations 
Rives, T. et.al Used both plate-deformation 
experiments and numerical 
simulation (DFN) to investigate the 
joint spacing distribution laws 
Journal of 
Structural 
Geology, Vol. 16. 
No. 3, pp. 419 to 
429 
1994 Analogue Simulation of Natural 
Orthogonal Joint Set Formation 
in Brittle Varnish 
Rives, T., 
Rawnsley, K.D., 
Petit, J.P 
Used analogue simulation to 
investigate the origin and evolution 
of orthogonal joint sets, only 
qualitatively   
Int. J. Rock Mech 
& Min. Sci. 34:3-
4, No. 237 
1997 Natural Fracture Pattern 
Characterization Using a 
Mechanically based Model 
Constrained by Geologic Data – 
Moving Closer to a Predictive 
Tool 
Olson, J. E Used mechanically based simulation 
tool to demonstrate the sensitivity of 
fracture propagation to various 
boundary conditions and material 
properties 
Int. J. Numer. 
Meth. Engng. 44, 
41-57 (1999) 
1999 Combined Single and Smeared 
Crack Model in Combined Finite-
Discrete Element Analysis 
Munjiza, A., 
Andrews, K. R. F., 
White, J. K 
 
It introduced a new crack model, 
combined single and smeared crack 
model, which is used to model crack 
initiation and propagation in concrete 
in the context of combined 
FEMDEM method. 
Engineering 
Fracture 
Mechanics 69 
(2002) 281—295 
 
2002 Mesh Size Sensitivity of the 
Combined FEMDEM Fracture 
and Fragmentation Algorithms 
 
Munjiza, A., John, 
N. W. M 
This paper investigated the 
sensitivity to mesh size of the 
recently proposed so called combined 
single and smeared crack model gave 
suggestions to user when doing 
fracture modeling. 
Journal of 
Structural Geology 
25 (2003) 1241-
1250 
 
2003 The control of stress history and 
flaw distribution on the evolution 
of polygonal fracture networks 
 
Tuckwell, G.W., 
Lonergan, L., Jolly, 
R.J.H 
 
The paper proved that the fracture 
seeding distribution and the rate at 
which the stress is increased have 
significant effects on the 
development of fracture network 
geometry.  
SPE 119739 2009 Modelling Simultaneous Growth 
of Multiple Hydraulic Fractures 
and Their Interaction With 
Natural Fractures 
Olson, J. E., 
Dahi-Taleghani, D 
Investigated and explained the 
interaction between hydraulic 
fracture and naturally fractures in 
both horizontal well and vertical well 
using mechanically based simulation  
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Computer & Geosciences 36 (2010) 292-301 
 
A new computer code for discrete fracture network modeling 
 
Authors:  
Xu, C., Dowd, P. 
 
Contribution to the understanding of DFN modelling: 
It provides a new tool (software) to DFN modelling in both 2-D and 3-D using marked point processes. 
Virtual sampling tools and a set of statistical tools are also included in the software.  
 
Objectives of the paper: 
To provide the researchers in this area with a simple but powerful tool for stochastic fracture simulation, 
to describe in detail the theories and to demonstrate the application of the software by a case study 
 
Methodology used: 
Stochastic modelling of fracture network, marked point process (MMP) 
 
Conclusion reached: 
The software worked well by checking the case study result. It can also be used to investigate the effects 
of truncations and censoring on the generated fracture systems. 
 
Comments: 
A good tool for discrete fracture network (DFN) modelling, but the DFNs lack certain mechanically 
realistic features that are very important properties of rock.  
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International Journal of Rock Mechanics & Mining Sciences 44 (2007) 704-719 
 
Hydraulic properties of fracture rock masses with correlated fracture length and aperture 
 
Authors:  
Baghbanan, A., Jing, L. 
 
Contribution to the understanding of DFN modelling: 
It was the first paper to investigate the effect of inter-parameters correlation especially that between the 
hydraulic aperture (transmissivity) and fracture traces length on the equivalent permeability and the 
possibility of a tensorial representation.  
 
Objectives of the paper: 
 To investigate the impacts of correlated fracture properties (aperture and trace length in this case) on 
the overall hydraulic behavior of the fracture rock 
 To evaluate the existence of the representative elementary volume (REV) and possible existence of 
an equivalent permeability tensor when the second moment of the aperture distribution (b) varies 
 
Methodology used: 
A mathematical expression of the correlation between the apertures and trace lengths was first built; then 
simulations of fluid flow through stochastically generated DFN realizations with correlated fracture 
aperture and trace length were run. The results were used to evaluate the existence of the REV and an 
equivalent permeability tensor.   
 
Conclusion reached: 
 A closed-form of relation is established for correlation between aperture and trace length of fractures 
based on a power-law distribution of trace length. 
 When fracture aperture and trace length are correlated, the mean magnitude of the network’s 
permeability is higher than that of the uncorrelated case, by one or two orders of magnitude.  
 The overall permeability increases with increasing b when aperture and trace length are correlated; 
the overall permeability decreases with increasing b when aperture and trace length are not correlated. 
 
Comments: 
It is a good paper that firstly attempted to investigate the effect of inter-parameters correlation especially 
that between the hydraulic aperture (transmissivity) and fracture traces length on the hydraulic properties 
of rock masses. 
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Journal of Structural Geology 25 (2003) 1241-1250 
 
The control of stress history and flaw distribution on the evolution of polygonal fracture networks 
 
Authors: 
Tuckwell, G.W., Lonergan, L., Jolly, R.J.H 
 
Contribution to the understanding of polygonal fracture network evolution: 
The paper proved that the fracture seeding distribution and the rate at which the stress is increased have 
significant effects on the development of fracture network geometry. It suggested that the geometry of 
evolving fracture networks should be considered not only in terms of the mechanical properties of the 
deforming material, but also in terms of the stress rate driving deformation. 
 
Objectives of the paper: 
To investigate the factors controlling the development of two-dimensional, multi-directional polygonal 
fracture network, in particular the role that the stress history, flaw distribution in the rock mass, and the 
material properties play in controlling the geometry of a fracture network 
 
Methodology used: 
Numerical experiments using boundary element modelling based on linear elastic fracture mechanics 
 
Conclusion reached: 
Fracture seeding distribution and the rate at which the stress is increased are found to be the most 
significant parameters affecting the development of fracture network geometry 
 
Comments: 
This paper investigated the controlling effects of stress history and flaw distribution, together with 
mechanical interactions between adjacent fractures, on the evolution of fracture network geometry. 
However the authors used only a limited range of possible stress history as boundary conditions for the 
models.  
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Journal of Structural Geology 32 (2010) 192-201 
 
Hybrid veins from the southern margin of the Bristol Channel Basin, UK 
 
Authors: 
Belayneh, M., Cosgrove, J. W 
 
Contribution to the understanding of opening of Bristol Channel Basin: 
A new model for the evolution of BCB was proposed in which the four stages in the evolution of the 
BCB proposed by other authors were explained by a single tectonic event involving hybrid failure.  
 
Objectives of the paper: 
To investigate the opening of the BCB using an analysis that is based on the use of two types of 
kinematic indicators, namely en echelon tension gashes and mineral fibres  
 
Methodology used: 
Analytical approach based on measured field data, observation  
 
Conclusion reached: 
The BCB formed as a result of general N-S directed extension during Permian to Cretaceous times. The 
proposed model of the basin opening requires the stress field associated with the formation of the early 
formed extensional fractures to change, specifically for there to be a switch of the maximum and 
intermediate principal stresses, before the formation of the hybrid fractures. 
 
Comments: 
This is a very detailed paper that describes the fractures observed from the southern margin of the BCB, 
more importantly the authors proposed a convincing evolution history of the BCB using the observed 
field data.  
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Int. J. Rock Mech. & Min. Sci. 34:3-4, Paper No. 237 (1997) 
 
Natural fracture characterization using a mechanically based model constrained by geological 
data- moving closer to a predictive tool 
 
Authors: 
Olson, J. E 
 
Contribution to the understanding of mechanically based modelling of fracture: 
It investigated the effects of mechanical factors (e.g. in situ stress state, strain rate, material properties 
etc.) on the geometry of fractures, provided a mechanically-based approach for natural fracture 
characterization in the context that natural fracture patterns are difficult to characterize because 
observations are too sparse and often difficult to interpret.  
 
Objectives of the paper: 
To investigate the sensitivity of fracture propagation to various boundary conditions and material 
properties and to build relationship between them 
 
Methodology used: 
The model presented in the paper was based on a displacement-discontinuity, boundary-element 
numerical technique.  
 
Conclusion reached: 
There is a systematic relationship between boundary conditions and final fracture geometry that can be 
exploited for the purpose of fracture pattern inversion from observed data.  
 
Comments: 
The effects of bed-thickness, orientation and number of starter cracks, and subcritical growth index on the 
propagation of fracture were investigated.  
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SPE 49069    1998 
 
Integration of discrete fracture network methods with conventional simulator approaches 
 
Authors:  
Dershowitz, B., LaPointe, P., Eiben, T., Wei, L 
 
Contribution to the understanding of DFN modelling: 
The paper introduced a new approach of fracture modelling, combining DFN modelling and conventional 
dual porosity (DP) approach, which is able to take maximum advantage of each method. 
 
Objectives of the paper: 
To build a link between DFN method and conventional DP method and validate the results using field 
studies 
 
Methodology used: 
Field studies using real data and computer modelling  
 
Conclusion reached: 
The new approach improved modelling of connectivity and heterogeneity, which are frequently the key 
factors in successful reservoir simulation.  
 
Comments: 
It was a good improvement of DP method.  
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Water Resource Research, VOL. 18, No. 3, Pages 645-658  1982 
 
Porous Media Equivalents for Networks of Discontinuous Fractures 
 
Authors:  
Long, J. C. S., Remer, J. S., Wilson, C. R., Witherspoon, P. A 
 
Contribution to the understanding flow behavior in fractures: 
The paper demonstrated the methods used to check whether or not the fracture network behaves like a 
porous medium, and found out the geometric parameters favoring equivalent porous medium behavior.  
 
Objectives of the paper: 
Used DFN simulation and flow simulation methods to investigate whether or not the fracture network 
behaves like a porous medium 
 
Methodology used: 
Computer simulation (DFN) and theoretical analysis  
 
Conclusion reached: 
Fractured rock does not always behave as a homogeneous, anisotropic porous medium with a symmetric 
permeability tensor. Fracture systems behave more like porous media when (1) fracture density is 
increased, (2) apertures are constant rather than distributed, (3) orientations are distributed rather than 
constant, and (4) larger sample sizes are tested. 
 
Comments: 
This is one of the very early papers that investigated both fracture simulation and flow behavior through 
fracture networks. It investigated one of the fundamental problems in fractured reservoir simulation: 
whether or not the fracture network behaves like a porous medium. However, the fracture networks 
generated in this work are far from realistic ones.  
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Key Questions in Rock Mechanics, Cundall et al (eds)  1988 
 
Inferring Stress State from Detailed Joint Geometry 
 
Authors:  
Olson, J., Pollard, D.D 
 
Contribution to the understanding of joints: 
The papered used mechanically based computer code to investigate the joint pattern under different fluid 
driving pressures, remote stress differences and degree of crack tip interaction. Also, experiments using 
real rock were done to verify the simulation results. From the results got from simulation the authors tried 
to infer the stress state of a limestone outcrop in Utah US. 
 
Objectives of the paper: 
To investigate the fracture path evolution under different conditions using mechanically based computer 
code and then uses results to infer stress state of real, natural fractures 
 
Methodology used: 
Mechanically based computer simulation and experiment on real rock  
 
Conclusion reached: 
Crack paths depend on the fluid driving pressure, the remote stresses difference and the degree of crack 
tip interaction. They inferred a nearly isotropic stress state for the older set and a strongly deviatoric 
stress state for the younger set. 
 
Comments: 
The paper demonstrated a good method using mechanically based simulation to infer stress state of 
naturally occurred fracture. However, there is no verification from geological analysis such as tectonic 
movement history.  
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Journal of Structural Geology Vol. 14. No. 8/9, pp. 925 to 937  1992 
 
Joint Spacing: Analogue and Numerical Simulations 
 
Authors:  
Rives, T. et.al 
 
Contribution to the understanding of joints spacing: 
Both analogue and numerical (DFN) modelling were used to investigate the joint spacing law. This study 
suggested that an initiation of fractures according to a random process could explain real joint spacing 
distributions. 
 
Objectives of the paper: 
To understand the joint spacing distribution law  
 
Methodology used: 
Analogue and numerical (DFN) simulation  
 
Conclusion reached: 
1. The joint spacing distribution is related to the fracture length distribution. 
2. For each set of joints at a given location, the spacing distribution depends upon the stage of joint set 
development 
3. The valid relationship between joint spacing and bed thickness is more complicated than the 
previously suggested average spacing/bed thickness correlations, because the size of the interaction 
zone and the stage of joint set evolution must be considered. 
 
Comments: 
This is a very detailed work that investigated the joint spacing distribution law using both analogue and 
numerical (DFN) simulations. However, in this work, only one joint set was used, so the effects of 
interaction between joint sets was not included.  
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Journal of Structural Geology, Vol. 16. No. 3, pp. 419 to 429  1994 
 
Analogue Simulation of Natural Orthogonal Joint Set Formation in Brittle Varnish 
 
Authors:  
Rives, T. et.al 
 
Contribution to the understanding of natural orthogonal joint set: 
The authors classified the different orthogonal fracture patterns and constrained the mechanical basis of 
orthogonal joint development. Also, they proposed the possible stresses that created the different types of 
orthogonal fractures. 
 
Objectives of the paper: 
To classify the different orthogonal fracture patterns and constrained the mechanical basis of orthogonal 
joint development 
 
Methodology used: 
Brittle varnish analogue models and field studies 
 
Conclusion reached: 
Most orthogonal joint sets are originated in intermediated patterns. The initial joint set can normally be 
related to tectonic stresses and develops parallel to the compression direction. The second fracture set can 
result from visco-elastic effects or from orthogonal or sub-orthogonal loadings. The last phase of joint 
development can be polygonal, showing an internal tension is present in the blocks.  
 
Comments: 
The brittle varnish models do not reflect the total range and complexity of the geometries observed in 
natural conditions. There is a discrepancy that the secondary fractures in the analogue model always abut 
against the initial joints and never vice versa.  
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SPE 119739  2009 
 
Modelling Simultaneous Growth of Multiple Hydraulic Fractures and Their Interaction with 
Natural Fractures 
 
Authors:  
Olson, J. E., Dahi-Taleghani, D 
 
Contribution to the understanding of interaction between hydraulic and natural fractures: 
The authors used mechanically based simulation to illustrate the interaction between hydraulic and 
natural fractures in both horizontal well and vertical well. The effects of different relative net pressure 
Rn, subcritical propagation index n, and orientation of pre-existing fractures are investigated. 
 
Objectives of the paper: 
To modelling simultaneous growth of multiple hydraulic fractures and their interaction with natural 
fractures 
 
Methodology used: 
Mechanically based simulation 
 
Conclusion reached: 
Hydraulic fracture complexity is strongly controlled by the magnitude of the hydraulic fracture net 
pressure relative to the in situ horizontal differential stress as well as the geometry of the natural 
fractures. Induced stresses may be high enough to debond sealed natural fractures ahead of the arrival of 
the hydraulic fracture tip. 
 
Comments: 
This is a good work to illustrate the interaction between hydraulic fractures and natural fractures both 
graphically and theoretically. However, the natural fractures used in this work are far too simple 
compared with the naturally occurred ones.  
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Engineering Fracture Mechanics 69 (2002) 281—295 
 
Mesh Size Sensitivity of the Combined FEMDEM Fracture and Fragmentation Algorithms 
 
Authors:  
Munjiza, A., John, N. W. M  
 
Contribution to the understanding of modelling fracture propagation using FEMDEM method: 
A number of algorithms aimed at modelling fracture, progressive failure and fragmentation of solids have 
been proposed. Sensitivity of these algorithms to mesh size remains an open question. This paper 
investigated the sensitivity to mesh size of the recently proposed so called combined single and smeared 
crack model gave suggestions to user when doing fracture modelling. 
 
Objectives of the paper: 
To investigate the mesh size sensitivity of the combined single and smeared fracture algorithm, which is 
FEMDEM based  
 
Methodology used: 
Numerical simulation and verification  
 
Conclusion reached: 
The results of analysis are sensitive to the topology of the finite element mesh employed. The fracture 
pattern is therefore a function of both problem parameters (overall geometry, applied load, material 
properties) and model parameters (mesh orientation, mesh size). Analytical investigations of this 
sensitivity as originally given in the algorithms are valid and give a good indication of the required 
element size in order to get good results. For very fine meshes accurately representation of the stress and 
strain field near crack tip and consequently failure load are obtained. 
 
Comments: 
This is a good paper that gives suggestions of deciding element size when performing fracture modelling 
using FEMDEM method.  
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Int. J. Numer. Meth. Engng. 44, 41-57 (1999) 
 
Combined Single and Smeared Crack Model in Combined Finite-Discrete Element Analysis 
 
Authors:  
Munjiza, A., Andrews, K. R. F., White, J. K 
 
Contribution to the modelling of fracture propagation using FEMDEM method: 
It introduced a new crack model, combined single and smeared crack model, which is used to model 
crack initiation and propagation in concrete in the context of combined FEMDEM method. The model is 
based on actual approximation of experimental stress-strain curves for concrete in direct tension. The 
major advantages of the model are its ability to model both crack initiation and propagation of multiple 
cracks allowing creation of large number of distinct interacting fragments without considerable addition 
CPU requirements. 
 
Objectives of the paper: 
To demonstrate the new model mathematically and to verify it using example problems 
 
Methodology used: 
The model is based on actual approximation of experimental stress-strain curves for concrete in direct 
tension. 
 
Conclusion reached: 
A relatively simple model for crack initiation and propagation has been developed and implemented into 
the general purpose combined FEMDEM code. The examples show its reliability. It is possible to use the 
model to analyze progressive fracturing and fragmentation involving a large number of cracks. 
 
Comments: 
The model is limited to mode 1, i.e. direct tension, loaded cracks only. The mesh size and mesh 
orientation effects on the accuracy of the model are still to be investigated.  
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Multiple Crack Interaction and Its Effect on Stress Intensity Factor 
 
Authors:  
Lam, K.Y., Phua, S.P. 
 
Contribution to the understanding of multiple crack interaction: 
This paper presented a new but efficient and accurate method to investigate multiple crack interaction in 
terms of stress intensity factor. Several arbitrary cracks configurations were investigated. The results 
proved the enhancement and shielding effect as a result of multiple cracks interaction. 
 
Objectives of the paper: 
To introduce a new numerical method and to assess multiple crack interaction and its effect on stress 
intensity factors for arbitrary cracks configurations  
 
Methodology used: 
A new numerical method which is based on a singular integral method which uses distributions of edges 
dislocations to represent the cracks in the mathematical model; the dislocations are distributed in such a 
way that the traction conditions on the crack surfaces are satisfied 
 
Conclusion reached: 
This new method is efficient and accurate to analyze 2D multiple crack interaction problem. It provides a 
speedy solution to many arbitrary orientated multiple crack problems. Microcrack interaction could have 
either a stress enhancement effect or a stress shielding effect depending on the positions and orientations 
of the microcracks.  
 
Comments: 
This is a very good paper to discuss multiple cracks interaction problem. However, the cracks 
configurations employed in this paper were relatively simple. 
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Appendix C Simulation Setting Data 
 
Table A-2 Simulation data for Series 1 
Series 1 Group A Group B Group C 
Mesh size 0.008m 0.008m 0.008m 
Time step 2e-7 s 2e-7 s 2e-7 s 
Maximum number of time 
steps 
100000 100000 100000 
Mass damping coefficient 6400 6400 6400 
 
Table A-3 Simulation data for Series 2 A  
Series 2 Group A Case 1 Case 2 Case 3 
Mesh size 0.0095m 0.0095m 0.00943m 
Time step 1.5e-7 s 1.5e-7 s 1.2e-7 s 
Maximum number of time 
steps 
400000 400000 500000 
Mass damping coefficient 6000 6000 4200 
 
Table A-4 Simulation data for Series 2 B  
Series 2 Group B Case 1 (8cm) Case 2 (10cm) Case 3 (12cm) Case 4 (14cm) 
Mesh size 0.0081m 0.00813m 0.00814m 0.00816m 
Time step 1.2e-7 s 1.2e-7 s 1e-7 s 1e-7 s 
Maximum number of 
time steps 
600000 600000 600000 600000 
Mass damping 
coefficient 
5000 4400 2600 4000 
 
Table A-5 Simulation data for Series 2 C  
Series 2 Group C Case 1 Case 2 Case 3 
Mesh size 0.0105m 0.0105m 0.0104m 
Time step 2.2e-7 s 2.2e-7 s 1.5e-7 s 
Maximum number of time 
steps 
450000 450000 500000 
Mass damping coefficient 8800 8800 5000 
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Appendix D Stress data for simulation Series 1 
 
  
Data in Fig. 3 
 
Unit: Pa 
 
Table A-6 Data for Fig.3  
 0.005m 0.007m 0.008m 0.01m 0.013m 0.015m 
3 4.89E+04 5.14E+04 4.51E+04 4.73E+04 2.85E+04 2.95E+04 
6 5.50E+04 5.71E+04 5.18E+04 5.45E+04 3.26E+04 3.52E+04 
9 1.03E+05 1.07E+05 9.66E+04 1.05E+05 6.34E+04 6.79E+04 
12 1.09E+05 1.13E+05 1.02E+05 1.09E+05 6.48E+04 6.93E+04 
15 1.51E+05 1.57E+05 1.42E+05 1.56E+05 9.16E+04 9.70E+04 
18 1.89E+05 1.98E+05 1.79E+05 1.93E+05 1.15E+05 1.22E+05 
21 2.11E+05 2.24E+05 1.97E+05 2.13E+05 1.25E+05 1.34E+05 
24 2.62E+05 2.73E+05 2.45E+05 2.64E+05 1.57E+05 1.67E+05 
27 2.66E+05 2.78E+05 2.51E+05 2.70E+05 1.60E+05 1.72E+05 
30 3.05E+05 3.20E+05 2.89E+05 3.14E+05 1.86E+05 1.98E+05 
33 3.38E+05 3.54E+05 3.19E+05 3.45E+05 2.05E+05 2.17E+05 
36 3.66E+05 3.81E+05 3.43E+05 3.72E+05 2.20E+05 2.35E+05 
39 4.18E+05 4.35E+05 3.91E+05 4.22E+05 2.51E+05 2.67E+05 
42 4.23E+05 4.40E+05 3.97E+05 4.29E+05 2.54E+05 2.71E+05 
45 4.59E+05 4.79E+05 4.33E+05 4.70E+05 2.79E+05 2.97E+05 
48 4.91E+05 5.14E+05 4.65E+05 5.02E+05 2.98E+05 3.17E+05 
51 5.12E+05 5.33E+05 4.83E+05 5.25E+05 3.11E+05 3.30E+05 
54 5.65E+05 5.90E+05 5.33E+05 5.76E+05 3.41E+05 3.63E+05 
57 5.82E+05 6.05E+05 5.47E+05 5.92E+05 3.51E+05 3.74E+05 
60 6.19E+05 6.41E+05 5.78E+05 6.28E+05 3.72E+05 3.96E+05 
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Data in Fig. 6 
 
Unit: Pa 
 
Table A-7 Data in Fig. 6 
 Single crack 5cm 10cm 20cm 40cm 
3 4.88E+04 3.58E+04 4.06E+04 3.57E+04 2.40E+04 
6 5.29E+04 4.05E+04 4.48E+04 4.49E+04 4.44E+04 
9 9.76E+04 7.46E+04 8.67E+04 9.33E+04 9.17E+04 
12 1.04E+05 7.89E+04 9.08E+04 1.08E+05 1.27E+05 
15 1.48E+05 1.17E+05 1.29E+05 1.41E+05 1.48E+05 
18 1.94E+05 1.53E+05 1.65E+05 1.78E+05 1.73E+05 
21 2.04E+05 1.57E+05 1.73E+05 1.86E+05 1.92E+05 
24 2.44E+05 1.96E+05 2.15E+05 2.32E+05 2.31E+05 
27 2.53E+05 1.99E+05 2.21E+05 2.49E+05 2.63E+05 
30 2.88E+05 2.27E+05 2.55E+05 2.83E+05 2.93E+05 
33 3.44E+05 2.68E+05 2.94E+05 3.19E+05 3.25E+05 
36 3.54E+05 2.77E+05 3.02E+05 3.24E+05 3.40E+05 
39 3.99E+05 3.17E+05 3.46E+05 3.73E+05 3.69E+05 
42 4.08E+05 3.20E+05 3.53E+05 3.92E+05 4.07E+05 
45 4.36E+05 3.46E+05 3.86E+05 4.22E+05 4.35E+05 
48 4.96E+05 3.86E+05 4.24E+05 4.59E+05 4.69E+05 
51 4.98E+05 3.94E+05 4.29E+05 4.68E+05 4.90E+05 
54 5.45E+05 4.34E+05 4.74E+05 5.12E+05 5.20E+05 
57 5.58E+05 4.39E+05 4.81E+05 5.32E+05 5.45E+05 
60 6.01E+05 4.63E+05 5.14E+05 5.60E+05 5.71E+05 
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Data in Fig. 7 
 
Unit: Pa 
 
Table A-8 Data in Fig.7  
 Single crack 5cm 10cm 15cm 20cm 25cm 
3 4.88E+04 4.10E+04 4.28E+04 4.40E+04 4.37E+04 4.12E+04 
6 5.29E+04 4.28E+04 4.57E+04 4.71E+04 4.58E+04 4.19E+04 
9 9.76E+04 8.19E+04 8.66E+04 8.77E+04 8.63E+04 7.80E+04 
12 1.04E+05 8.46E+04 9.00E+04 9.31E+04 9.03E+04 8.19E+04 
15 1.48E+05 1.22E+05 1.29E+05 1.32E+05 1.30E+05 1.17E+05 
18 1.94E+05 1.57E+05 1.69E+05 1.74E+05 1.69E+05 1.55E+05 
21 2.04E+05 1.64E+05 1.75E+05 1.78E+05 1.76E+05 1.60E+05 
24 2.44E+05 2.01E+05 2.16E+05 2.21E+05 2.16E+05 1.97E+05 
27 2.53E+05 2.03E+05 2.25E+05 2.33E+05 2.23E+05 2.04E+05 
30 2.88E+05 2.37E+05 2.57E+05 2.64E+05 2.60E+05 2.33E+05 
33 3.44E+05 2.79E+05 3.03E+05 3.12E+05 3.00E+05 2.76E+05 
36 3.54E+05 2.87E+05 3.11E+05 3.20E+05 3.08E+05 2.81E+05 
39 3.99E+05 3.26E+05 3.52E+05 3.61E+05 3.49E+05 3.19E+05 
42 4.08E+05 3.30E+05 3.58E+05 3.69E+05 3.58E+05 3.29E+05 
45 4.36E+05 3.55E+05 3.85E+05 3.93E+05 3.85E+05 3.48E+05 
48 4.96E+05 4.01E+05 4.32E+05 4.43E+05 4.29E+05 3.95E+05 
51 4.98E+05 4.05E+05 4.38E+05 4.50E+05 4.36E+05 4.01E+05 
54 5.45E+05 4.45E+05 4.82E+05 4.96E+05 4.80E+05 4.36E+05 
57 5.58E+05 4.50E+05 4.90E+05 5.08E+05 4.93E+05 4.51E+05 
60 6.01E+05 4.72E+05 5.12E+05 4.40E+04 5.09E+05 4.64E+05 
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Data in Fig. 8 
 
Unit: Pa 
 
Table A-9 Data in Fig.8  
 Single crack 3cm 5cm 7cm 10cm 
3 4.88E+04 4.88E+04 4.67E+04 4.60E+04 4.51E+04 
6 5.29E+04 6.10E+04 5.71E+04 5.50E+04 5.18E+04 
9 9.76E+04 1.20E+05 1.10E+05 1.04E+05 9.66E+04 
12 1.04E+05 1.19E+05 1.11E+05 1.08E+05 1.02E+05 
15 1.48E+05 1.75E+05 1.62E+05 1.53E+05 1.42E+05 
18 1.94E+05 2.12E+05 1.97E+05 1.90E+05 1.79E+05 
21 2.04E+05 2.32E+05 2.17E+05 2.08E+05 1.97E+05 
24 2.44E+05 2.90E+05 2.70E+05 2.60E+05 2.45E+05 
27 2.53E+05 2.98E+05 2.75E+05 2.68E+05 2.51E+05 
30 2.88E+05 3.52E+05 3.25E+05 3.11E+05 2.89E+05 
33 3.44E+05 3.80E+05 3.53E+05 3.39E+05 3.19E+05 
36 3.54E+05 4.14E+05 3.83E+05 3.66E+05 3.43E+05 
39 3.99E+05 4.66E+05 4.35E+05 4.17E+05 3.91E+05 
42 4.08E+05 4.67E+05 4.35E+05 4.21E+05 3.97E+05 
45 4.36E+05 5.21E+05 4.83E+05 4.63E+05 4.33E+05 
48 4.96E+05 5.49E+05 5.12E+05 4.96E+05 4.65E+05 
51 4.98E+05 5.80E+05 5.37E+05 5.17E+05 4.83E+05 
54 5.45E+05 6.37E+05 5.92E+05 5.69E+05 5.33E+05 
57 5.58E+05 6.48E+05 6.02E+05 5.81E+05 5.47E+05 
60 6.01E+05 6.91E+05 6.42E+05 6.14E+05 5.78E+05 
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Data in Fig. 9 
 
Unit: Pa 
 
Table A-10 Data in Fig.9 
 E=1.5e+10 E=2e+10 E=2.5e+10 
3 2.72E+04 0.00E+00 1.40E+04 
6 2.08E+04 8.10E+03 1.51E+04 
9 3.31E+04 2.24E+04 3.27E+04 
12 6.97E+04 1.50E+04 5.00E+04 
15 5.70E+04 2.70E+04 3.90E+04 
18 1.19E+05 1.80E+04 6.30E+04 
21 9.20E+04 2.80E+04 7.90E+04 
24 9.60E+04 4.60E+04 6.90E+04 
27 1.47E+05 4.50E+04 8.90E+04 
30 1.06E+05 6.40E+04 8.70E+04 
33 1.75E+05 3.60E+04 9.50E+04 
36 1.62E+05 6.00E+04 1.32E+05 
39 1.77E+05 6.70E+04 1.22E+05 
42 2.28E+05 5.90E+04 1.20E+05 
45 1.86E+05 8.50E+04 1.55E+05 
48 2.29E+05 5.30E+04 1.48E+05 
51 2.32E+05 8.20E+04 1.72E+05 
54 2.45E+05 9.20E+04 1.76E+05 
57 2.75E+05 9.00E+04 1.54E+05 
60 2.82E+05 9.00E+04 2.20E+05 
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Appendix E 
 
Three E are modelled and the results are presented by the increased stress due to stress enhancement i.e. the difference 
between the stress at the crack tip with and without the second crack. The results suggest that the relationship between stress 
enhancement effect and E is not linear. By increasing E from 1.5E+10 to 2.5E+10 stress enhancement effect first weakens and 
then strengthens.  
 
Figure A-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.0E+00
5.0E+04
1.0E+05
1.5E+05
2.0E+05
2.5E+05
3.0E+05
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
E=1.5e+10
E=2e+10
E=2.5e+10
time step 
X
 d
ir
e
c
ti
o
n
 t
e
n
s
il
e
 s
tr
e
s
s
 (
 P
a
) 
Modelling the Interaction of Fractures during Uniaxial Extension of a Square Limestone Bed Containing Two Pre-Existing Cracks Using a 
Combined FEMDEM Numerical Method                                                                                                                                                                43 
Appendix F Fracture networks 
 
 
Figure A-2 Fracture networks produced from randomly distributed flaws 
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Appendix G Stress field changing with time of the 10cm case 
 
Figure A-3 Stress field changing with time of the 10cm case 
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Appendix H Fracture pattern for larger strain rate 
 
Figure A-4 Fracture pattern for larger strain rate 
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